Phospholipids and proteins are assumed to be components of cellular membranes. Both these substances have groups ionizable in aqueous media. We attempted to ascertain to what extent the behavior of cellular membranes is similar to that of nonbiological ion-exchange interfaces. One approach is the measurement of the dependence of the membrane potential in nerve upon the extracellular concentration of electrolytes. The results are presented here and seem to be consistent with the idea that the axon membrane behaves as an ionexchange system.
Phospholipids and proteins are assumed to be components of cellular membranes. Both these substances have groups ionizable in aqueous media. We attempted to ascertain to what extent the behavior of cellular membranes is similar to that of nonbiological ion-exchange interfaces. One approach is the measurement of the dependence of the membrane potential in nerve upon the extracellular concentration of electrolytes. The results are presented here and seem to be consistent with the idea that the axon membrane behaves as an ionexchange system.
Methods.-The giant axon of the stellar nerve of Loligo pealii or Loligo vulgaris was used. The axons were 180-1200 ,u in diameter and 3-6 cm in length. Room temperature was 19-210C.
The details of methods of (a) cleaning and mounting the axon, (b) insertion of intracellular pipettes or wire electrodes, (c) intracellular injection, (d) stimulation of the axon, and (e) recording the membrane responses and resistance are described elsewhere (e.g., ref. 1). The chamber on which the axon was mounted had three compartments. The lateral compartments were 5-15 mm in width, and the middle 0.5-35 mm. Thin partitions were made of rubber (thickness: 0.05-0.2 mm). A hole was made in the rubber with a diameter slightly less than or equal to the diameter of the axon.
The membrane potential was measured with calomel KCI electrodes (Beckman): an intracellular pipette electrode and an extracellular gross reference electrode (Fig. 1A) . Details of their construction can be found in previous publications." 2 The extracellular medium was stirred constantly. In dilute electrolyte solutions the potential of the external electrode was affected by stirring; this difficulty was circumvented by dividing the middle pool (in Fig. 1A ) in two and immersing the electrode in one and the axon in the other. Only the latter pool was stirred. Fluid contact between the pools was made through a connecting pore. The intracellular pipette was filled with either 0.5 M KC1 or 3 M KCl.
Methods of perfusion: The entire axon, with the exception of end or cannulated portions, was perfused. A pipette (100-300 it) was inserted into the axon while suction was applied; when this pipette emerged from the opposite end, the contents were blown out. In some experiments, while the pipette was being withdrawn, air was blown through the axon. This appeared to facilitate maintenance of a through-channel. Air (or mineral oil) could be blown through for 1 hr or longer; the only apparent electrophysiological properties affected were those dependent upon the longitudinal internal resistance (e.g., conduction velocity). The pipette was reinserted and withdrawn while the perfusate was being introduced. In the method illustrated in Figure 1B , a drainage cannula of glass, Teflon, nylon, or Plexiglas was used. In the method illustrated in Figure 1C , part of the axon itself was used as a drainage cannula. After insertion of the electrode, the axon (cleaned in all such instances) was cut at the point of insertion and pulled over the electrode for a length of 1-1.5 cm. This portion of the axon was suspended in air. A platinum retractor in conjunction with the electrode held the cut end of the axon ellipsoidally flared. The portion of the axon in air was treated for a few minutes with 10 was expanded by wetting with sea water introduced through the connecting cylindrical holes normal to the longitudinal hole. The swelling of the gelatin squeezed the axoplasm out of the cut ends of the axon. The die was parted, the adhering gelatin removed, and the axon was cannulated and then reinflated with the perfusate. In preliminary experiments, two concentric telescoped pipettes were inserted into the axon; the tip of the inner pipette served as the input for the perfusate, and the outer pipette as the output or drainage cannula. With this method only about 1 cm of the axon was perfused. In all methods the input pressure was measured by a manometer. The pressure within the fiber was also measured by the use of a sensitive Statham strain gauge (Fig. 1B) . The pipette electrode was tapped (see Fig. 1B ) by the input of the strain gauge. The tip registered both pressure and potential. When the intracellular pressure was varied, the outlet end was closed by applying a ligature around the axon and the intracellular electrode. Extracellular solutions: LiCl, NaCl, KCI, RbCl, CsCl, choline chloride, CaCl2, MgC12, SrCl2, or BaCl2 were employed. Monovalent solutions were 500 or 540 mM. Divalent solutions were 360 or 550 mM. Concentrations, not activities, were employed. Tonicity (in terms of concentration) was maintained with 0.75, 0.8, and 0.9 M sucrose. No appreciable difference was observed in the results between 500 and 540 mM with the monovalent electrolytes, 360 and 550 mM with the divalent electrolytes, and between 0.75, 0.85, and 0.9 M sucrose used in maintaining tonicity. In most experiments, 0.85 M sucrose was employed. A buffer was not employed to control pH.
Injected and perfused radioactive solutions: The methods of preparation of solutions and measurement of K42, Na24, Br82, Cla, tritiated water, and C 4-labeled starch effluxes were mentioned in previous communications." 3 Cl-labeled dextran (mol wt 24,500) was prepared by the Bureau of Standards. It was dissolved in 0.5 AI KC1 to yield a 5% solution.
Perfusates: The perfusate was isotonic KCl, K2SO4, or NaCl. The pH was adjusted to 7.3-7.4 with 3 mM phosphate. This pH appears to be optimal for survival of'perfused axons;4 it coincides with the pH obtained previously2 for the axoplasm. Extracellular dilution experiments with NaCl were run on 61 axons, KCl on 38, RbCl on 5, CsCl on 4, SrCl2 on 13, MgCl2 on 6, BaC12 on 4, and choline-Cl on 4. Often the same chemical was run two to three times on the same axon; sometimes as many as three to four chemicals were run on the same axon. Fifty-three axons were treated with heavy metals; 75 axons were perfused. The membrane-resistance measurements were performed on 13 axons; tritium efflux experiments on 6 axons; radioactive potassium, Dextran, and starch on 6 axons; and radioactive chloride and bromide on 15 axons. Extracellular dilution experiments with intracellular isotonic perfusate were performed on 9 axons. -Pressure gradient experiments were performed on 28 axons.
Results.-(1) Extracellular dilution: The results were variable. The membrane potential as a function of extracellular concentration of a number of electrolytes is plotted in Figure 2 (solid lines). The method shown in Figure 1A was used. Each curve was obtained on a different axon. The criterion for selecting the particular experiment depicted was that it be representative of the type where, following dilution and upon returning the axon to sea water, the resting potential was restored (within 1-2 mv). The results obtained with KCl dilution were similar to those obtained with RbCl (similar to the extent that the variability between different experiments employing the same electrolyte was the same as that when different electrolytes were used). Those obtained with NaCl dilution were similar to those with LiCl, CsCI, and choline chloride dilutions, and those with CaCJ2 dilution were similar to those with MgCl2, SrCl2, and BaC12. The axon was exposed to 550 mM divalent electrolytes for only five to ten seconds to avoid effects of hypertonicity. time dependence appeared to be due to the depletion of calcium, and extracellular dilutions were therefore carried out rapidly in order to minimize the timedependent depolarization due to lack of CaCl2.5 Upon completion of the series (with monovalent electrolytes), when the axon was not placed in sea water or an isotonic solution of CaCl2, but instead was placed in the first step of the dilution series (500 mM or 540 mM), the membrane potential was reduced. Subsequently, if the axon was bathed in sea water or isotonic CaCl2, the membrane potential was restored slowly (2-15 min). If the axon was pretreated with isotonic CaCJ2 instead of sea water, the membrane potential in dilute solutions was less time-dependent. When CaCl2 was kept constant during dilution of NaCl, results were obtained as shown by the dotted line in Figure 2 . There was no time-dependent change in the membrane potential. In contrast to the results obtained with the monovalent electrolytes, the divalent electrolytes with the exception of barium showed greater reproducibility in a given axon. Variability did exist, however, from axon to axon.
When the axon was immersed in dilute electrolyte solutions (second, third, and fourth steps), it was consistently found that stirring affected the measured potential very markedly (up to 30 mv). The more dilute the solution, the greater the effect. The magnitude of the effect was not the same in different axons or at different times in the same axon. The stirring effect appears to be due to "film diffusion" (e.g., ref. 16 ).
A number of investigators6-'2 employing the sucrose-gap technique have observed a hyperpolarization of the membrane immersed in salt water and bordered by segments of axon immersed in isotonic sucrose. This was attributed' to the liquid-junction potential between sucrose and sea water. At least in our experiments this does not seem to be the case. The reasons are the following: (a) The hyperpolarization was observed wheti the entire axon was bathed in isotonic sucrose. (b) When only the axon in the central pool was bathed in isotonic sucrose and the lateral compartments contained sea water, the highest potential was recorded in the middle of the axon in the middle pool. As the pool width was increased from 0.5 to 10 mm, the hyperpolarization was increased. In these experiments the thin rubber partitions alluded to in Methods were employed. (c) Conversely, if the lateral pools contained sucrose and the middle pool contained sea water, the maximal potential was in the portions of the axon in the lateral pools. The membrane potential in the middle of the axon immersed in the middle pool was "normal" (or what one would expect from the length constant of the axon). (d) When a small segment (1-10 mm) of axon was cleaned (in the middle of the axon) and the whole axon was bathed in isotonic sucrose, the potential in the cleaned portion increased immediately, while that in the neighboring uncleaned regions increased slowly. When the axon was then bathed in sea water, the potential of the cleaned portion was reduced instantaneously, while that of the uncleaned portion decreased slowly. (e) When the entire axon was repeatedly punctured or treated with heavy metals until the membrane potential was reduced close to zero, no hyperpolarization was observed (aside from a diffusion potential across the membrane) when the axon in the middle pool was bathed in isotonic sucrose. (f) With sucrose only in the middle pool, temperature changes in the middle pool affected the hyperpolarization, while it was unaffected by changes in temperature in the lateral pools. (g) Stirring of dilute but not concentrated extracellular solutions resulted in an increase in membrane potential.
The hyperpolarization was a dilution effect, not the effect of sucrose per se, since hypotonic electrolyte solutions immediately produced a transient hyperpolarization of the same magnitude as was observed with isotonic solutions of low electrolyte concentration. Treatment of artificial ion-exchange membranes with heavy metal ions is known to affect membrane potentials that depend upon transmembrane concentration differences. '6 We have attempted to determine whether or not the nerve membrane does behave in this manner. The interrupted lines in Figure 2 represent the results obtained after treating the axon with isotonic KC1 and 10-3 JI AuCl for 2-20 minutes, subsequently washing repeatedly in sea water. Unless the axon was perfused, these potentials were time-dependent. Perfusion probably replenished the internal constituents. lines can be obtained (see Fig. 4 ). In the intervening period and when the membrane potential was within a few mv of zero, a diphasic curve was observed with sodium and lithium; namely, at dilutions of 50 mMl the internal electrode became positive to the external, and at further dilutions it became negative. With potassium this was not observed; instead, in two experiments it was found that with potassium the first dilution (50 mMi) resulted in little or no shift in the potential, while subsequent dilutions resulted in an increase in potential (internal electrode negative to external). Teorell has described similar effects in artificial fixed-charge membranes (see Fig. 9b, ref. 15) .
Radioactive bromide, chloride, sodium and potassium were injected into the axon or included in the perfusate. The "normal" effluxes were approximately the same as found previously.' "Normal" effluxes were determined by making four 3-minute collections of the extracellular fluid. After treatment with metal ions the effluxes were determined for two to four 3-minute intervals. NXo marked differences were observed between anions and cations. A 5-to 50-fold drop in membrane resistance as measured by the "short-pulse" method was observed following metal ion treatment. In artificial membranes resistance is usually increased in this case. There may be a change in structure in the axonal membrane. Following metal treatment, it appears that the dominant contributor to the measured potential is a diffusion potential. The theoretical value and sign for diffusion potentials for a given electrolyte and dilution did approximate the experimentally observed values.
(2) Extracellular dilution on perfused axons: The axon was perfused with either KCl or K2SO4. The extracellular electrolytes were KCl, NaCl, and LiCl. Figures 1B-D were employed. The results were essentially similar to those obtained with the unperfused axon, but more variable. The possibility of obtaining "poor" axons was greater, and the type of spectrum of curves obtained during progressive metal ion treatment of unperfused axons (see previous section) was often observed. That a number of different perfusion techniques were employed on a limited number of axons may account in part for this variability. Figure 3 presents the results of an experiment in which the axon was perfused with 0.54 M KCL. M\,Iethod D (Fig. 1) was employed.
Methods illustrated in
The effects of metals were similar to those described in the previous section except that the effects were not time-dependent. Comparison of Figures 2 and 3 indicates that the hyperpolarization illustrated is not dependent upon the "normal" axoplasmic constituents.
(3) The effects of increasing intracellular pressure in perfused axons: The intracellular perfusate was 540 mM\I NaCl or KCL. The extracellular fluid was 540, 54, and 5.4 mMI NaCl or KCl; tonicity was maintained with sucrose. Upon increasing the pressure with isotonic electrolytes inside and dilute electrolytes outside at a threshold (variable), the membrane potential was reduced or reversed in polarity. The threshold pressure was 12-80 cm of H20. The change in the potential difference varied with extracellular dilution. The more dilute the solution, the greater the change. Often the potential measured at a particular extracellular dilution was approximately that observed at the same dilution following treatment with heavy metals (interrupted curves in Fig. 2 that is, similar to a diffusion potential in an aqueous liquid junction. In contrast to the effects of heavy metals, the effects of high pressures were (in most instances, but not all) reversible; when the pressure was lowered, usually at a threshold, the membrane potential was restored. Radioactive bromide, chloride, potassium, starch, dextran, and tritiated water were included in the perfusate. The results were extremely variable. Above "critical" pressures the effluxes of all isotopes were increased by a factor of 10-100. No marked differences were observed in the rates of efflux between anions and cations. The efflux of tritiated water increased by a factor of 5-100. Below critical pressures, no efflux of starch or dextran was observed. Above critical pressures, these substances appeared in the extracellular fluid. The effect of pressure is reminiscent of hemolysis of erythrocytes in hypotonic media. The possibility still exists that high intracellular pressures may result in "unplugging" of cut branches; however, the observation that the effects were reversible is somewhat contrary to this interpretation. High intracellular pressures resulted in a 10-to 50-fold drop in membrane resistance as measured by the "short-pulse" method. The results obtained with high pressures were similar to those obtained by repeatedly puncturing the axonal surface with a sharpened needle; the potentials measured above critical pressures or upon puncturing were not stable unless the axon was intermittently perfused, thereby maintaining the internal concentration constant. Discussion.-The type of dependence of the membrane potential upon electrolyte dilution depicted by the solid and dotted lines in Figures 2-4 may indicate that the membrane is "charged." We have summarized our results and tentative interpretations in Summary.-The membrane potential of the giant axon of Loligo pealii or Loligo vulgaris was increased by a reduction in the extracellular electrolyte concentration. This effect was tentatively interpreted as being in part due to the presence of predominantly negative charges in the membrane. Other interpretations are not excluded. The changes in potential upon extracellular dilution were time-dependent. This appeared to be due to depletion of calcium from the axonal surface. The results obtained in axons perfused with KCl or K2SO4 were similar.
Following treatment with heavy metals, prolonged exposure to zero calcium and magnesium, or high intracellular hydrostatic pressure, a reduction in the concentration of extracellular electrolytes (alkali halides) resulted in a reduction or reversal of the membrane potential. These potentials were similar to diffusion potentials.
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